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Abstract 
From 2010 to 2015, three similarly design based absorption chillers have been developed, manufactured and characterized on test 
benches. The chillers are all ammonia-water thermally driven single effect chiller. They are intended to operate using directly 
solar thermal energy or using waste heat from Concentrated Solar Plant (CSP). The first one is a laboratory prototype, fully 
instrumented with a cooling capacity of 5 kW. The second one is a pre-industrial version of the first prototype with the same 
cooling capacity but less instrumented and with a compact design. The last development is a 100 kW cooling capacity chiller, 
with technical choices between the two first prototypes, but design to provide cooling effect at temperatures suitable from air-
conditioning to ice making. In this paper, the design principles and the technological choices made for each chiller are described 
and a comparison of the experimental results is done. 
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1. Introduction 
From more than fifteen years, the development of air-conditioning offers more and more comfort to people. 
Major part of commercial air-conditioners uses electricity-powered vapor compression machines to provide the 
frigorific effect. The use of that technology must face to a paradox: more the number of air-conditioners installed in 
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a city increases, more heat released to urban atmosphere rises, thus increasing the ambient air temperature which 
implies a decreasing the performance of the chiller and increasing the cooling load of buildings [1]. In fine, peak 
electricity demand for cooling can be tripled [2].  
 
One of the solution could be the use of thermally driven chillers powered by waste-heat or solar energy. Among 
the two main working pairs for absorption chillers, ammonia-water chillers are particularly interesting because of 
their low production and maintenance costs [3]. Moreover, the high pressure thermodynamic cycle performed with 
that couple is favorable to optimize the internal heat and mass transfers, to reduce the fluid charge, to limit the effect 
of the hydraulic pressure drops, thus helping to reach a compact machine design [4].  
 
The ammonia-water absorption chillers described in this paper was especially designed in that way. 
 
Nomenclature 
Variables 
A Surface    [m2] 
COP Coefficient of performances  [-] 
M Masse flow rate   [kg.h-1] 
P  Thermal power   [kW] 
T Temperature   [°C] 
ǻT Temperature difference  [°C] 
U Global heat transfer coefficient [W.m-2.K-1] 
X Mass fraction   [-] 
Ș  Effectiveness   [-] 
 
Subscripts 
A Absorber 
AC Absorber-Condenser 
C Condenser 
E Evaporator 
G Generator 
htf Heat transfer fluid 
in Inlet 
out Outlet 
ps Poor solution 
R Rectifier 
ref Refrigerant  
rs Rich solution 
sat saturated 
th Thermal 
wf Working fluid 
2. Methodology and development principles 
The three prototypes of ammonia-water absorption chiller have been designed and built between 2010 and 2015: 
the first one is a laboratory test bench, fully instrumented with a cooling capacity of 5 kW. The second one is a pre-
industrial version of the first prototype with the same cooling capacity but less instrumented and with a more 
compact design. The last development is a 100 kW cooling capacity chiller connected to an experimental 
Concentration Solar Plant (CSP) and design to provide cooling effect at temperatures suitable from air-conditioning 
to ice making. 
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The three chillers are based on the same architecture of simple effect absorption chiller (Fig. 1). The rectification 
of the refrigerant is provided by partial condensation of the vapor produced by the generator thanks to an external 
cooling. The usual two optimization heat exchangers are used: subcooler and solution heat exchanger. 
 
Two tanks (T2 and T3) are used as vapor-liquid separator, and two others are used as refrigerant (T4) and rich 
solution (T1) storage. More details about architecture of those machines can be found in Ref. [5].  
Fig. 1. Common architecture of the three chillers. 
The design and the conception of chillers have been done in two steps. The first one is a numerical analysis used 
to determine, for given operating conditions (minimal, nominal and maximal), the thermal power for each heat 
exchanger, their inlet temperatures and the flow rate in each fluid loops. The second step is the selection of existing 
standard components (heat exchangers, expansion valves, pump and storage tanks) conform to the requirements 
defined previously. 
 
In order to perform the pre-sizing step, a numerical simulation tool has been developed in Engineer Equations 
Solver (EES) software [6]. That tool is based on a steady state model of a single-stage ammonia-water cycle. The 
mass and energy conservation equations have been carried out for each component [7] with correlations of Ibrahim 
and Klein to calculate thermodynamic properties of the NH3/H2O mixture [8]. The following hypotheses have been 
done to develop the model: 
x the solution and the refrigerant are assumed to be at saturation at the exit of each component (no limitation 
of heat and mass transfer) except at the pump outlet; 
x expansions in the expansion valves are isenthalpic; 
x the pump efficiency is equal to 1; 
x there is no pressure drops in the components and in the pipes. 
 
By specifying the inlet temperatures conditions of external fluids, the pinch of the heat exchangers, the solution 
mass flow rate or the cooling load required, the evaporator temperature glide, the output rectifier temperature and 
the effectiveness of the solution heat exchanger and the subcooler, the software provides corresponding 
thermodynamic states of the cycle and global performances. So, the model is used to pre design prototypes, 
providing for each component operating conditions (power, temperatures and fluid flow rate) for nominal, minimal 
and maximal simulation conditions. 
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Conception of the chillers is made using only standard components with the aim of reducing costs and specific 
developments. Industrial plate heat exchangers are implemented, which means that some modifications have to be 
done to turn three of them (generator, rectifier and absorber) into heat and mass transfer exchangers. Evaporators and 
condensers are designed by manufacturer according to our requirements, and assuming pure ammonia is used. 
Generators are designed by using ǻTLM method. For the heat transfer fluid (water or glycol), the product UA is 
calculated by the correlations given in [9]  and for the solution by the average heat transfer coefficient measured by 
Taboas et al. in [10] and [11] and extrapolated to our conditions. The absorbers are falling films plate heat 
exchangers, their inlets include an original double distributor system which allows liquid and gas phases to be evenly 
fed into each channel. It was sized assuming than mass transfer is the limiting factor, so number of plates is chosen 
in order to get the film thickness just above the theoretical critical thickness calculated according to Hartley and 
Murgatroyd [12]. 
 
Tanks size and ammonia and water charges were calculated simultaneously in order to maintain liquid level in 
tanks between a minimum and a maximum, whatever the external temperatures (if they stay within sizing limits). 
 
The pump used to transfer solution from absorber to generator is coupled to a variable rotation speed motor, 
which enables to vary the cooling power and to start the machine gradually. Two electronic expansion valves are 
used to control the chiller. Finally, since ammonia is very corrosive against many common materials, a special care 
was taken by selecting only ammonia compliant components: stainless steel and EPDM are the main used materials.  
3. Prototypes overview 
3.1. First prototype : 5 kW cooling capacity laboratory chiller 
The first prototype (Fig. 2), built in 2011, is a 5 kW cooling capacity chiller designed for solar applications (T in, 
E
htf: -10 to 18 °C, Tin, AChtf: 15 to 45 °C and Tin, Ghtf: 60 to 130 °C) [4]. In order to characterize the performances of the 
various component technologies, the prototype is monitored with temperature, pressure and mass flow rate accurate 
sensors at the inlet and the outlet of the main components. Pump used to transfer solution from absorber to generator 
is a diaphragm pump coupled with a variable speed motor. The obtained chiller is characterized by a reduced charge 
in ammonia-water solution (0.48 kgNH3 per kW). It is used principally as a test bench to characterize the 
performances of new components.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Picture of the first prototype: a 5 kW cooling capacity laboratory chiller connected to a test bench 
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3.2. Second prototype : 5 kW cooling capacity pre-industrial chiller 
Built in 2013, the second chiller [5] is based on the previous one with similar features except for the subcooler 
which has been removed since its effect wasn’t economically interesting for small cooling capacity. The chiller is 
less instrumented than the former prototype because it is a pre-industrial version intended to be coupled with a real 
solar cooling plant facility [13]. However, it is still equipped with various sensors, especially for control strategy. 
Compared to the previous chiller, overall inner volume has been reduced by shortening pipes, removing 
instrumentation and limiting operating temperature range (Tin, Ehtf: 9 to 18 °C, Tin, AChtf: 23 to 33 °C and Tin, Ghtf: 60 to 
95 °C).  
The chiller has been completely rethought and redesigned. These modifications lead to decrease the refrigerant 
charge to 0.36 kgNH3 per kW for the same cooling capacity (5 kW), and to create a very compact chiller of 0.36 m3 
weighing 106 kg. Pictures of the chiller are presented in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Pictures of the second prototype: a 5 kW cooling capacity pre-industrial chiller 
3.3. Third prototype : 100 kW cooling capacity chiller 
The last development is a 100 kW cooling capacity chiller (Fig. 4), designed for air-conditioning and ice making 
using waste heat from CSP power plants. The architecture is closed to the two previous chillers with a subcooler. 
The diaphragm pump used on the previous chiller was replaced by a side channel pump (still coupled with a variable 
speed motor) in order to limit the NPSH required (too high for large diaphragm pump models). The chiller is fully 
instrumented and the specific charge is close to 0.48 kgNH3 per kW. This value is due to the large operating 
temperature ranges (Tin, Ehtf: -10 to 18 °C, Tin, AChtf: 18 to 45 °C and Tin, Ghtf: 70 to 180 °C). The chiller size is around 
13.6 m3 weighing about 2.5 tons. 
 
Built in 2014 and after a first characterization step on a test bench, the chiller was installed close to a CSP power 
plant in order to valorize the waste heat of the solar installation by producing cold water for air-conditioning or for 
ice making. 
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Fig. 4. Pictures of the third prototype: a 100 kW cooling capacity chiller 
4. Experimental performances 
The experimental characterization of the first and second prototypes have been already presented in [4] and [5] 
hence only the tests performed with the third prototype are discussed in that paper. An overview of the performances 
of the three chillers is also presented. 
 
As previously mentioned, the third prototype is coupled to a CSP plant and was commissioned at the end of the 
summer 2015. Thus only few experimental tests have been performed on that absorption machine. Several operating 
conditions (different cold and hot temperature sources, different solution flow rates…) have been experimented. 
First results of the third prototype experimental characterization are summarized in the Table 1.  
Table 1. Test operating conditions of the third prototype (* Startup tests) 
Ref. 
Heat transfer fluid 
PE [kW] COPth Tout, E
htf 
[°C] 
Tin, Ghtf 
[°C] 
Tin, AChtf 
[°C] 
  1* 11.0 85.0 28.0 
27.7 
28.7 
32.2 
32.9 
29.0 
29.5 
60 0.47 
  2* 11.0 80.0 61 0.50 
  3 9.8 82.7 88 0.58 
  4 11.1 91.4 100 0.57 
  5 11.1 92.4 104 0.58 
  6 -10.1 97.0 29 0.37 
  7 -10.5 99.0 33 0.39 
 
The Table 1 shows that the chiller is able to have a cooling capacity of 100 kW for cold temperature close to 
10 °C with a thermal COP close to 0.6. It is also able to reach under-zero temperatures and the cold water-glycol 
produced was used to supply an ice grain making machine. This result shows the ability of the design chiller: 
x to operate at very low partial load but keeping an high thermal COP due to an optimal heat transfer design 
of the heat exchangers; 
x to produce negative temperature water using low temperature thermal heat source from solar thermal or 
waste heat. 
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The dynamic behaviour of the chiller has been analysed. As example, the left side of the Figure 5 shows the 
transient phase of the chiller between the experimental test n°5 and n°6 (Table 1). During this phase, the cooling 
capacity (PE) decrease with the drop of the heat transfer fluid temperature at the evaporator (Tout, Ehtf). However, 
thanks to a slight increase of the hot source temperature (Tin, Ghtf) and a slight drop of the intermediate temperature 
(Tin, AChtf), the thermal COP increase despite the fall of the cold temperature (Tout,Ehtf).  
 
The right side of the Figure 5 is a picture of the ice making machine connected to the absorption chiller. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Experimental thermal COP, P and T during under-zero production (Left) and Picture of the ice grain making machine (Right) 
In order to compare the chillers performances, thermal coefficients of performance (COPth) of the three chillers 
are represented on a same graphic according to Carnot COP (Fig. 6 left), as used in the Carnot function model [14]. 
Carnot COP describes the theoretical maximal COP, i.e. without any irreversibility, that can be reaching by a 
thermodynamic cycle. For a sorption chiller, the Carnot COP can be expressed as a function of the external 
temperatures by equation 1. According to [14], the thermal COP can be expressed by a generic function (equation 2) 
with an accuracy of more or less 10 %. 
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With Z1, Z2, W1, W2 and COPth,0 : 5 coefficients to be determined. 
 
The various operating conditions for the three chillers are summarized in Table 2. 
Table 2. Operating conditions during the characterization of the three chillers. 
Chillers TE, inhtf [°C] TG, inhtf [°C] TAC, inhtf [°C] 
First prototype : 5 kW laboratory chiller 11.1 to 18.1 69.9 to 100.0 19.1 to 37.4 
Second prototype : 5 kW pre-industrial chiller 11.0 to 18.3 60.0 to 80.0 22.6 to 33.8 
Third prototype : 100 kW chiller -9.6 to 17.5 91.4 to 98.7 29.0 to 32.9 
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Fig. 6. Experimental thermal COP as a function of Carnot Efficiency (Left) and cooling capacities during starting steps (Right) 
Cooling capacities during the starting phases of the three chillers are presented on Fig. 6 right. Starting phases are 
short, with cooling productions closed to the steady states ones after 7 at 11 minutes. This is due to several factors: 
the conception, the low inertial components, the low specific charge and the control. 
In order to evaluate the relevance of the EES pre-sizing tool, a comparison between the experimental and 
numerical results has been done. This cross-check has been performed with third prototype results tests (Table 3) as 
it is the one equipped with the most accurate measuring instruments. Simulations have been performed using the 
operating parameters summarized in the Table 3 and assuming a constant effectiveness equal to 0.8 for the solution 
heat exchanger and the subcooler. 
That comparison highlights a gap between the experimental mass fractions of the rich solution (at the absorber 
outlet) and the saturation concentrations (at the same temperature and pressure) calculated by the EES pre-sizing 
tool. In order to take into account a limitation of mass transfer, absorption effectiveness has been calculated 
considering the following relation: 
ߟ௔௕௦ ൌ
௫ೄೃି௫ೄು
௫ೄೃ̴ೞೌ೟ି௫ೄು
 (3) 
Effectiveness calculated values are around 0.7 for cold at 10 °C and drop to 0.5 for cold at -10 °C (Table 3). Note 
that the absorber effectiveness depends on several operating parameters (low pressure, refrigerant flow…). However 
currently there are no enough experimental results to establish correlations between the operating absorber 
parameters and its effectiveness. The same analysis has been performed to the generator. It points out that there is no 
significant difference between the measured and the saturated mass fraction at the outlet of that component. The 
hypothesis of a saturated solution at the outlet of the generator (considered in the EES pre-sizing tool) appears to be 
valid. 
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Table 3. Internal operating parameters of the third prototype during the first characterisation tests (* Startup tests). 
Ref. TG out
wf
 
[°C] 
TA outwf 
[°C] 
TE outwf 
[°C] 
TC outwf 
[°C] 
Mrs 
[kg.h-1] 
ǻTin-out,E 
[°C] Xref KA 
  1* 83.7 34.3 5.9 30.2 1287 4.8 0.988 0.72 
  2* 78.7 33.6 7.5 29.6 1300 3.2 0.987 0.70 
  3 79.6 35.5 6.3 31.2 2401 6.2 0.989 0.70 
  4 88.1 39.4 7.7 34.8 2735 6.9 0.989 0.73 
  5 88.8 40.0 7.9 35.9 3000 2.8 0.988 0.72 
  6 95.2 32.2 -13.2 31.6 2000 4.9 0.985 0.52 
  7 97.1 33.0 -12.7 30.9 2000 3.5 0.986 0.55 
The effectiveness of the absorber has been implemented in the simulation pre-sizing tool. A brief comparison 
between experimental and numerical results is done in figure 7. These figures show that by using as inlet data the 
experimental results summarized in the Table 3, the determination of the cooling capacities, the thermal COP and the 
refrigerant flow rate are in accordance with experimental results. This analysis confirms that non-ideality of the 
absorber impacts significantly the performance of the cycle and thus has to be considered to design the machines. 
In addition of that system analysis, numerical and experimental studies of the heat and mass transfer in the 
absorber are currently performed in our laboratory [15]. These studies should determine the evolution of the absorber 
effectiveness depending on the operating conditions and thus may allow a better sizing of that component in the 
future prototypes. 
 
 
 
 
 
 
 
 
 
Fig. 7. Comparison numerical with experimental results: evaporator power (PE), thermal COP (COPth)and refrigerant flow rate (Mref). 
5. Conclusions 
From 2010 to 2015, three similarly design based absorption chillers have been developed, manufactured and 
characterized. The chillers have different cooling capacities and operating temperature ranges. They are all 
characterized on test benchs and two of them are connected to real solar plants. They are all ammonia-water 
thermally driven single effect chiller.  
The results presented in this paper show that the common design chosen (methodology, architecture, technical 
choices…) allows obtaining very reactive (quick starting phase) and adaptive (very low partial load) chillers with 
performances (thermal COP especially at under-zero temperature production) comparable to NH3/H2O single effect 
absorption chillers.  
 
This level of performances seems to be very linked to the design methodology used to select the heat exchangers. 
The comparison between the experimental results and the numerical ones has allowed to identify the most influence 
design parameters. 
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Finally these results will be used to upgrade the design methodology, in addition to specific studies on heat and 
mass transfer into an absorber [15].  
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